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ologic syndrome exemplified by proteinuria, elevated creatinine, and segmental glomerular scarring, a process by which extracellular matrix replaces normal architecture, eventually leading to CKD (7) . FSGS may be primary or secondary to conditions including hypertension, obesity, viruses (including HIV), drugs, and reduced nephron mass (62) . Regardless of the cause, emerging data support a strong correlation between injury to the glomerular visceral epithelial cell, or podocyte, and development of FSGS (53) .
The highly specialized and terminally differentiated podocyte is a critical component of the glomerular filtration barrier and functions to prevent urinary protein leakage and to provide structural support to the capillary wall, thereby counteracting the hydrostatic pressure within the glomerulus (46) . Common to many human kidney diseases and experimental animal models is a strong association between podocyte injury and the development of progressive kidney disease. In fact, there is compelling evidence that a decline in podocyte number strongly correlates with, and likely underlies, development of FSGS in humans and animals (30, 41, 45, 66) . Defining the causal mechanisms of reduced podocyte number is fundamental to developing therapies for proteinuria and FSGS.
In response to injury, podocytes may undergo several cell fates, including proliferation, dedifferentiation, hypertrophy, apoptosis, and necrosis. Common to these disparate outcomes of renal injury is their ultimate regulation at the level of the cell cycle. There is now an expanding body of literature confirming the importance of cell cycle regulatory proteins in the cellular response to injury (39) . Although cyclin-dependent kinase (CDK) inhibitor p21 levels increase in podocytes following injury (27, 32, 54) , the function of p21 can vary substantially, based on its concentration and subcellular localization, the cell type and cellular context, and the cytotoxic stimulus (1, 9, 15, 29) . In nonimmune-mediated FSGS, the role of p21 is unknown and is the focus of our current study.
Adriamycin (ADR), an anthracycline antibiotic, is a podocyte toxin used to induce experimental FSGS (6, 47, 65) in susceptible murine strains (67, 68) . Despite the common clinical use of ADR for its antitumor effects, its cytotoxic mechanisms are not well-understood. Proposed mechanisms include DNA intercalation, reactive oxygen species generation (12) , and/or topoisomerase II inhibition (21) . The purpose of this study is to define the role of CDK inhibitor p21 in ADRinduced podocyte injury, both in vitro and in vivo. We hypothesize that the presence of the CDK inhibitor p21 is protective in the setting of ADR-induced podocyte injury. One mechanism whereby p21 may be protective in the setting of ADRinduced podocyte injury is in its capacity as a cell cycle checkpoint to maintain growth arrest in the setting of genotoxic stress. We hypothesize that without p21, cell cycle arrest cannot be maintained and the accumulation of ADR-induced damaged DNA leads to apoptosis.
MATERIALS AND METHODS

ADR nephropathy model of experimental FSGS.
In mice, the ADR nephropathy model has proven to be a robust experimental analog of human focal glomerulosclerosis. Therefore, the ADR nephropathy model was chosen to examine more closely the role of CDK inhibitor p21 in the initiation and propagation of FSGS. BALB/c mice, a strain carrying the recessive ADR susceptibility gene (67, 68) , were backcrossed against c57B6 p21Ϫ/Ϫ mice (4) to yield a 12th generation BALB/c p21Ϫ/Ϫ strain. After a preliminary dose-finding study, ADR nephropathy was induced in male p21ϩ/ϩ and p21Ϫ/Ϫ mice, aged 12 wk, by tail vein injection of ADR 12 mg/kg body wt ϫ 2 (n ϭ 8/group), following a protocol that was a modification of methods previously described (6) . Similar to findings by others (63) , in our preliminary studies, a one-time dose induced only transient proteinuria, peaking at day 14. For predictable and reproducible induction of sustained proteinuria and progressive glomerulosclerosis, two doses, separated by 4 wk, were utilized in our studies. During a pilot and feasibility study, we discovered that the mice experienced a significant weight loss by ϳ11 wk in the disease course. Therefore, we determined that the mice would be killed at the 11-wk time point. Control animals were injected with equal volume of vehicle only (0.9% NaCl).
Weekly and before death, a weight was recorded and urine was collected from each mouse in metabolic cages to determine 24-h albumin excretion. Due to the small urine volumes of BALB/c mice, urine albumin was measured by radial immunodiffusion assay following a protocol that was a modification of methods previously described (37) . Briefly, rabbit anti-mouse albumin antibody at 1:75 dilution (Accurate Chemical, Westbury, NY) and 4% rabbit serum (Pel-Freez, Rogers, AR) were incorporated into a thin layer of 1.5% type I, low EEO agarose gel (Sigma) in 0.5 M veronal buffer, poured into Integrid 100 ϫ 15-mm square petri dish on a leveling platform (VWR, West Chester, PA). A small volume of urine was placed in a well cut into the agar layer. As the antigens diffuse from the well, only the specific antigen (albumin) reacted with its antibody in the agar. The reaction formed a halo of precipitation around the well. A measurement of the halo after it had reached maximal size was related directly to antigen concentration, with reference made to a calibration curve prepared from known concentrations of purified fraction V mouse albumin standards (MP Biomedicals, Irvine, CA) tested under identical conditions. Creatinine was measured in the urine via a colorimetric assay (Cayman Chemical, Ann Arbor, MI) and an albumin-to-creatinine ratio was calculated.
Death was induced by cervical dislocation. Blood samples obtained at time of death were centrifuged (12,000 g for 5 min) and plasma was collected for measurement of blood urea nitrogen (BUN) via QuantiChrom Urea Assay kit (Bioassay Systems, Hayward, CA). Tissues were obtained for renal biopsies. Histopathology was examined after periodic acid-Schiff staining. The animal care committee of the University of Washington School of Medicine reviewed and approved the experimental protocol for the adriamycin nephropathy mouse model of experimental FSGS. All animal procedures were conducted in accord with the Institutional Animal Care and Use Committee.
Immunohistochemistry. Indirect immunoperoxidase immunostaining for WT-1, Bcl-2, and phospho-ERK was performed on formalinfixed paraffin-embedded kidney specimens. Briefly, 4-m tissue sections were deparaffinized in Histo-Clear (National Diagnostics, Atlanta, GA) and rehydrated in graded ethanol. Endogenous peroxidases were blocked with 3% H 2O2, followed by overnight incubation with primary antibody for WT-1, diluted 1:1,000 (Santa Cruz Biotechnology, Santa Cruz, CA), Bcl-2, diluted 1:250 (Cell Signaling, Beverly, MA), and phospho-ERK, diluted 1:250 (Cell Signaling), in 1% BSA in PBS. After being washed in PBS, sections were incubated with biotinylated secondary antibody, diluted in 1% BSA in PBS, for 1 h at room temperature. ABC-Elite reagent (Vector Laboratories, Burlingame, CA) was used for signal amplification and 3,3=-diaminobenzidine (DAB; Sigma) catalyzed by NiCl 2 was used as chromagen. Slides were counterstained with methyl green or hematoxylin, dehydrated, and coverslipped.
Apoptosis detection. TdT-mediated dUTP nick end labeling (TUNEL) staining was utilized to determine whether apoptosis occurred following exposure to ADR. The protocol was a modification of methods previously described (20) . TUNEL staining was performed on 4-m formalin-fixed paraffin-embedded tissue sections. Following deparaffinization and rehydration, endogenous peroxidases were inactivated with 3% H 2O2. Tissue sections were treated with citric acid to enhance antigen retrieval. Nuclei were permeabilized by incubation with proteinase K for 20 min at room temperature. Following incubation in One-Phor-All buffer (GE Healthcare, Piscataway, NJ), fragmented DNA was labeled by exposure of sections to diluted TdT (GE Healthcare) and biotin-14-dATP (Invitrogen, Grand Island, NY) for 60 min. The reaction was terminated with PBS. ABC-Elite reagent (Vector Laboratories) was used for signal amplification. DAB (Sigma) with NiCl 2 was used as chromagen. Slides were counterstained with methyl green, dehydrated, and coverslipped.
Mouse podocytes in culture. A conditionally immortalized mouse podocyte cell line isolated from H-2K b -tsA58 transgenic mice kidneys (Jackson Laboratory, Bar Harbor, ME) was used in vitro, as we previously reported (28, 42, 55) . In brief, in this cell line, ␥-interferoninducible H-2K b promoter controls a temperature-sensitive SV40 large T cell antigen. To induce proliferation, cells were grown on Primaria plates (VWR International) coated with collagen I (BD Biosciences) at 33°C in RPMI 1640 media (Life Technologies, Gaithersburg, MD) supplemented with 9% FCS (Summit Biotechnology, Fort Collins, CO), with added recombinant mouse ␥-interferon 50 U/ml (Roche, Indianapolis, IN) (23) . To induce the quiescent, differentiated phenotype, cells were grown at 37°C without ␥-interferon (growth-restrictive condition). Experiments were performed at least three times, on growth-restricted day 12-14, utilizing more than one cell clone to verify reproducibility of results. The p21ϩ/ϩ and p21Ϫ/Ϫ cell lines were derived in our lab, identified, and characterized by immunostaining and RT-PCR, as previously described (64) .
Immunocytochemistry. Given the importance of actin cytoskeletal disruption and reorganization in the development of foot process effacement characteristic of FSGS, F-actin staining was performed on podocytes in culture. Podocytes from p21Ϫ/Ϫ and p21ϩ/ϩ cell lines were plated in 24-well plates. After 14 days in culture under growthrestrictive conditions, the cells were exposed to ADR (or the appropriate control) for 48 h. Following ADR exposure, the podocytes were fixed with 2% paraformaldehyde (Sigma) containing 4% sucrose for 15 min. To visualize F-actin, fixed cells were incubated with FITCconjugated phalloidin diluted 1:100 (Sigma) for 30 min, and then mounted with Vectashield containing 4=,6-diamidino-2-phenylindole (Vector Laboratories). Other investigators reported that normal podocytes are characterized by a central group of thick and well-defined actin stress fibers. Following injury, podocytes lose these stress fibers and form lamellipodia. An actin score was obtained, as a modified calculation of what has been previously described in the literature, using the following scale for the appearance of actin stress fibers based on intensity of staining: 0 ϭ absence of stress fibers, 1 ϭ Ͻ25% of normal, 2 ϭ 25-50% of normal, 3 ϭ 50 -75% of normal, and 4 ϭ 75-100% of normal (33) .
Apoptosis detection in vitro following ADR exposure. Following preliminary dose-defining studies, growth-restricted heat-sensitive mouse podocytes were exposed to 0.125 g/ml ADR for 6, 18, 24, and 48 h, with appropriate negative control. First, after growing podocytes to 80% confluence on plastic plates, apoptosis was measured by staining with Hoechst 33342 (Sigma, St. Louis, MO), as previously described (26) . Briefly, at the above time points following exposure to ADR, DNA-binding dye Hoechst 33342, which stains the condensed chromatin of apoptotic cells more brightly than the looser chromatin of living cells, was added to the media at a 1:100 dilution. After incubation for 5 min, Hoechst-positive cells (i.e., those with nuclear condensation) were quantitated. The number of Hoechstpositive cells was determined by counting at least 300 cells per well. All experiments were performed a minimum of three times.
To confirm the presence of apoptosis, TUNEL staining was next performed. The protocol was a modification of methods previously described (20) . Based on the results from the Hoechst 33342 staining, only the 48-h time point was examined. Briefly, following exposure to ADR for 48 h, cultured podocytes were fixed with 10% buffered formalin overnight at 4°C. Following rehydration with PBS, the above protocol was followed. Cells were counterstained with Camco Quik stain (Cambridge Diagnostic, Fort Lauderdale, FL).
DNA damage detection in vitro following ADR exposure. To determine whether the presence or absence of p21 affected the degree of ADR-induced DNA damage, the single-cell gel electrophoresis assay (CometAssay; Trevigen, Gaithersburg, MD) was utilized, as previously described (38) . Briefly, following exposure to ADR for 48 h, podocytes were gently harvested and embedded in an agarose layer on a microscope slide. Cells were lysed to remove cellular proteins and DNA was uncoiled under alkaline conditions. After unwinding, DNA was electrophoresed for 20 min in 1ϫ TBE buffer and stained with fluorescent dye. In contrast to undamaged and supercoiled DNA that remains within the nuclear membrane, the podocytes with damaged DNA, which migrates away from the nucleus, demonstrated the characteristic long "comet tail." The extent of DNA liberated from the head of the "comet" was directly proportional to DNA damage. The number of positive cells with long comet tails was determined by counting at least 200 cells per well. All experiments were performed a minimum of three times.
Reconstitution of p21 in p21Ϫ/Ϫ podocytes by retroviral transduction. Reconstitution of p21 protein expression in p21Ϫ/Ϫ mouse podocytes in culture was achieved using a retroviral transduction system. The pBabe vectors encoding full-length human p21 or GFP were transfected into Phoenix packaging cells to generate retrovirus (8, 56) . The retrovirus-containing media were harvested and filtered onto 50% confluent, proliferating, undifferentiated p21Ϫ/Ϫ podocytes. Following 48-h selection with puromycin (2.5 g/ml), podocytes were passaged and transferred to growth-restricted conditions to initiate growth arrest and differentiation, as previously described (24) . Western blotting for p21 to show successful transfection with reexpression of p21 in the p21Ϫ/Ϫ podocytes was performed, as previously described (11) . p21Ϫ/Ϫ Podocytes with reconstituted p21 were exposed to ADR and apoptosis and DNA damage were measured using Hoechst 33342, TUNEL staining, and CometAssay, as detailed above.
Statistical analysis. For comparison of mean values between two groups, the unpaired t-test was used. All values are means Ϯ SD or SE, except where otherwise indicated. Statistical significance was Fig. 1 . Trend of weights in p21ϩ/ϩ and p21Ϫ/Ϫ mice following treatment with Adriamycin (ADR). A: weight loss trend. At baseline, before disease induction, there is no statistically significant difference between the mean body weights of p21ϩ/ϩ and p21Ϫ/Ϫ mice. Following the injections, by weeks 1 and 6, p21Ϫ/Ϫ mice lost more weight to a significant degree. Other time points do not demonstrate significant differences. B and C: weights of individual mice at each time point during the 11-wk study. B: p21ϩ/ϩ animals. C: p21Ϫ/Ϫ animals. evaluated using GraphPad Prism version 5.02 (GraphPad Software, La Jolla, CA). The experimental findings were considered statistically significant if P Ͻ 0.05. All photomicrographs were made at similar intensity and background. During data analysis, the observer was blinded to the treatment categories.
RESULTS
Weight loss was worse in p21Ϫ/Ϫ mice immediately following ADR injection. Before ADR exposure, the mean body weights for p21ϩ/ϩ and p21Ϫ/Ϫ mice were similar. Following the first injection of ADR, the p21Ϫ/Ϫ mice lost more weight than the p21ϩ/ϩ mice and this difference reached significance (P ϭ 0.005; Fig. 1 ). The weights reached a nadir 7-14 days after the first injection, after which both groups of mice began to regain weight and the differences between the means were no longer statistically significant. Following the second injection of ADR, the p21Ϫ/Ϫ mice once again lost more weight than the p21ϩ/ϩ mice and this difference reached significance by week 6 (P ϭ 0.020). However, at all subsequent measurements, the mean weights between the two groups were not statistically significantly different. The more significant weight loss following the ADR injections in the p21Ϫ/Ϫ mice supports the hypothesis that p21 is protective in the setting of ADR-induced disease.
Worsened renal function and albuminuria in diseased p21Ϫ/Ϫ mice in experimental FSGS. Following administration of ADR to induce experimental FSGS, biochemical parameters were assessed to determine severity of renal dysfunction in p21ϩ/ϩ vs. p21Ϫ/Ϫ mice, and the results are shown in Fig. 2A . At baseline and in animals that received vehicle only, there was no difference in plasma BUN between p21ϩ/ϩ and p21Ϫ/Ϫ mice. By 8 wk following disease induction in the ADR nephropathy model of experimental FSGS, there was a statistically significant increase in plasma BUN in the p21Ϫ/Ϫ mice compared with the p21ϩ/ϩ mice (52.38 vs. 34.56 mg/dl, P ϭ 0.027). The difference between diseased p21Ϫ/Ϫ and p21ϩ/ϩ mice increased further by 11 wk following disease induction (96.21 vs. 52.70 mg/dl, respectively, P ϭ 0.002; Fig. 2A) .
The albumin-to-creatinine ratio results are shown in Fig. 2B . At time points 0, 2 wk, 4 wk, and 8 wk, there was a statistically significant difference in urinary albumin-to-creatinine ratio, with p21Ϫ/Ϫ mice exhibiting higher ratios compared with p21ϩ/ϩ mice (time point 0: 797.1 vs. 399.4 g/mg, P ϭ 0.0006; time point 2 wk: 2,644 vs. 1,161 g/mg, P ϭ 0.008; time point 4 wk: 6,385 vs. 1,476 g/mg, P ϭ 0.0005; time point 8 wk: 4,250 vs. 2,965 g/mg, P ϭ 0.0491). By 11 wk, there was no longer a statistically significant difference between the albumin-to-creatinine ratio of p21Ϫ/Ϫ and p21ϩ/ϩ mice.
Together, these results demonstrate that treatment with ADR caused renal dysfunction, characterized by elevated plasma BUN and urinary albumin-to-creatinine ratio, and this renal dysfunction was worse in the p21Ϫ/Ϫ mice compared with p21ϩ/ϩ mice.
Increased glomerulosclerosis in diseased p21Ϫ/Ϫ mice with ADR nephropathy. The histopathology from mice that received ADR was typified by early glomerular vacuolization, tuft collapse, mesangial expansion, and tubulointerstitial collagen deposition, with later development of focal glomerulosclerosis and interstitial fibrosis, as previously described (65) (Fig. 3,  A-D) . To assess semiquantitatively the severity of glomerular injury, a glomerular sclerosis index (GSI) was calculated by examining histopathologic sections stained with periodic acidSchiff, as described previously, (38, 44) using the following scale: 0 ϭ normal glomerulus, 1 ϭ sclerotic area Ͻ25% of glomerular area, 2 ϭ sclerotic area 25-50% of glomerular area, 3 ϭ sclerotic area 50 -75% of glomerular area, and 4 ϭ sclerotic area Ͼ75% of glomerular area or global sclerosis. The GSI was calculated by multiplying the number of glomeruli with a sclerosis score of 1 by one, 2 by two, and so on. These values were summed to obtain the final GSI. At baseline and in animals that received vehicle only, there was no statistically significant difference in GSI between the p21ϩ/ϩ and p21Ϫ/Ϫ mice. As expected, the GSI increased in both p21ϩ/ϩ and p21Ϫ/Ϫ mice at 8 and 11 wk following disease induction with ADR administration. However, there was a statistically significant difference in GSI by 11 wk in the p21Ϫ/Ϫ mice compared with the p21ϩ/ϩ mice (GSI score 196.78 vs. 141.29, respectively, P ϭ 0.045; Fig. 3E ), which was consistent with the urinary albumin-to-creatinine ratio and plasma BUN data. These results provide supporting data that there was Fig. 2 . Plasma blood urea nitrogen and urinary albumin-to-creatinine ratio in p21ϩ/ϩ and p21Ϫ/Ϫ mice following treatment with ADR. A: plasma blood urinary nitrogen. By 8 wk, diseased p21Ϫ/Ϫ mice had a statistically significantly greater plasma blood urinary nitrogen level than diseased p21ϩ/ϩ mice. The difference remained statistically significant at 11 wk following disease induction (P Ͻ 0.05). B: urinary albumin-to-creatinine ratio. At baseline, 2 wk, 4 wk, and 8 wk, diseased p21Ϫ/Ϫ mice demonstrated statistically significantly greater levels of albumin-to-creatinine ratio than diseased p21ϩ/ϩ mice (P Ͻ 0.05). By 11 wk, the difference was no longer statistically significant. worse disease in the p21Ϫ/Ϫ mice in the ADR nephropathy model of focal glomerulosclerosis.
Decreased podocyte number in diseased p21Ϫ/Ϫ mice with ADR nephropathy. To determine whether podocyte number was reduced following disease induction by ADR, immunostaining for Wilms= tumor protein (WT-1), a surrogate marker for podocyte number, was performed. By WT-1 staining, there was no significant difference in the baseline complement of podocytes between p21ϩ/ϩ and p21Ϫ/Ϫ mice before disease induction. In mice receiving vehicle and at all early time points (1, 2, and 8 wk) following disease induction by ADR, there was no statistically significant difference in the number of WT-1-positive cells in glomeruli of p21ϩ/ϩ and p21Ϫ/Ϫ mice. By 11 wk following disease induction by ADR, there was a statistically significant decrease in WT-1-positive cells in the glomeruli of p21Ϫ/Ϫ compared with the p21ϩ/ϩ mice (5.16 vs. 6.77 per glomerulus, respectively, P ϭ 0.003; Fig. 4) . These results show that, at the later time point, in glomeruli that lacked CDK inhibitor p21, there was a loss of WT-1-positive cells following ADR-induced injury.
Podocyte apoptosis in diseased p21Ϫ/Ϫ mice in ADR nephropathy. Given the reduction in WT-1-positive cells in the p21Ϫ/Ϫ mice following disease induction by ADR treatment, the TUNEL assay was next performed to determine whether the decrease in WT-1-positive cells was secondary to apoptosis. At time points 1 and 2 wk, there was a statistically significant difference in the number of TUNEL-positive cells (per 200 glomeruli counted) in the p21Ϫ/Ϫ mice compared with the p21ϩ/ϩ mice (week 1, means Ϯ SE: 18 Ϯ 1.7 for p21Ϫ/Ϫ mice vs. 9.9 Ϯ 1.8 for p21ϩ/ϩ mice, P ϭ 0.0085; week 2, means Ϯ SE: 37 Ϯ 8.1 for p21Ϫ/Ϫ mice vs. 9.7 Ϯ 2.8 for p21ϩ/ϩ mice; P ϭ 0.0130; Fig. 5 ). These data support the hypothesis that, in the course of disease induction following ADR treatment, apoptosis may account for decreased podocyte number in the p21Ϫ/Ϫ mice.
Reconstitution of p21 rescues p21Ϫ/Ϫ podocytes from ADRinduced apoptosis, in vitro.
To confirm the in vivo data, we next examined p21Ϫ/Ϫ and p21ϩ/ϩ differentiated immortalized mouse podocytes in culture, previously characterized by our lab (64) . Following exposure to ADR, p21ϩ/ϩ podocytes exhibited apoptosis, measured by Hoechst 33342 staining, to statistically significant levels, compared with negative control and 6-h time point, at 18, 24, and 48 h (P Ͻ 0.05; Fig. 6, A, C,  E) . Similarly, following exposure to ADR, p21Ϫ/Ϫ podocytes also exhibited apoptosis by Hoechst 33342 staining to statistically significant levels, compared with negative control and 6-h time point, at 18, 24, and 48 h (P Ͻ 0.05; Fig. 6, B, D, E) . By 48 h following injury induced by ADR exposure, there was a statistically significant difference in the number of apoptotic cells by Hoechst 33342 staining between p21Ϫ/Ϫ and p21ϩ/ϩ podocytes, with a greater number of p21Ϫ/Ϫ apoptotic cells (94.89 Ϯ SE 9.238 Hoechst-positive cells/300) compared with p21ϩ/ϩ apoptotic cells (64.10 Ϯ SE 5.009 Hoechst-positive cells/300; P ϭ 0.010). Earlier time points did not show a statistically significant difference between p21Ϫ/Ϫ and p21ϩ/ϩ podocytes. The results show that, over time, lack of p21 leads to a greater degree of apoptosis following ADR exposure (Fig. 6E) .
We next sought to determine whether reconstitution of p21 would rescue p21Ϫ/Ϫ podocytes from apoptosis. Following retroviral transfection of p21Ϫ/Ϫ podocytes with human p21 vector, by 48 h after injury induced by ADR treatment, there was a statistically significant decrease in apoptotic cells by Hoechst 33342 staining in p21Ϫ/Ϫ podocytes with reconstituted p21 (68.840 Ϯ SE 5.980 Hoechst-positive cells/300) vs. p21Ϫ/Ϫ podocytes, approaching the level seen in the p21ϩ/ϩ podocytes (P ϭ 0.027; Fig. 6E ). Earlier time points did not show a statistically significant difference in the number of apoptotic cells between p21Ϫ/Ϫ podocytes and p21Ϫ/Ϫ podocytes with reconstituted p21. These results demonstrate that reconstitution of p21 protects p21Ϫ/Ϫ podocytes from the increased susceptibility to apoptosis following ADR treatment.
To validate the results obtained by Hoechst 33342 staining, the TUNEL assay was utilized as another measure of apoptosis detection for the in vitro studies. Given that only the 48-h time point yielded a statistically significant difference in apoptosis between the groups by Hoechst 33342 staining, the TUNEL assay was performed at 48 h following ADR treatment. There was a statistically significant difference between the number of TUNEL-positive p21ϩ/ϩ podocytes (21.438/1,000) compared with the number of TUNEL-positive p21Ϫ/Ϫ podocytes (69.125/1,000; P ϭ 0.009; Fig. 6F ). With reconstitution of p21 via retroviral transfection of p21Ϫ/Ϫ podocytes with human p21 vector, following ADR treatment for 48 h, there was a statistically significant decrease in the number of TUNELpositive cells in p21Ϫ/Ϫ with reconstituted p21 podocytes (18/1,000) vs. the number of TUNEL-positive cells in p21Ϫ/Ϫ podocytes (P ϭ 0.004). These studies validated the finding that reconstitution of p21 protected p21Ϫ/Ϫ podocytes from ADRinduced apoptosis.
Increased DNA damage in p21Ϫ/Ϫ podocytes following ADR exposure, in vitro.
To determine potential mechanisms for the protective effect of p21 in ADR-induced podocyte injury, we performed immunohistochemistry for proteins known to have important roles in the apoptosis cascade, including phospho-ERK and Bcl-2 (data not shown). There was no statistically significant difference in positive cells, when tissue was stained for the aforementioned apoptosis mediators, between p21ϩ/ϩ and p21Ϫ/Ϫ mice. Although we and others identified these mediators as important in other models of glomerular injury, they do not appear to be the mechanism whereby p21 exerts its protective effect in murine ADR nephropathy (3, 64) .
We previously found that DNA damage in podocytes leads to activation of cell cycle checkpoints, including the CDK inhibitor p21 (38, 48) . These cell cycle checkpoints generate pauses in cell cycle progression when DNA damage is present, permitting the cell sufficient time for DNA repair or other cell fate decisions. Since ADR has been known to induce DNA damage in other cell culture models, we performed the CometAssay to determine whether DNA damage was present in podocytes following ADR exposure and whether the presence of p21 attenuated the extent of DNA damage. In Fig. 7 , we show that DNA damage was present in podocytes following ADR-induced injury. The degree of DNA damage was significantly increased in p21Ϫ/Ϫ podocytes when compared with p21ϩ/ϩ (113 positive cells per 200 cells counted Ϯ SE 8.185 vs. 17.67 Ϯ SE 7.055, P ϭ 0.0009). With reconstitution of p21, the degree of DNA damage was significantly reduced (57 Ϯ SE 5.859). The results provide supporting data that one mechanism whereby p21 is protective in the setting of ADR-induced podocyte injury may be in its capacity as a cell cycle checkpoint effector to maintain growth arrest in the setting of genotoxic stress. 
Actin cytoskeletal changes following ADR exposure, in vitro.
It is well-established that podocyte foot process effacement seen in FSGS is secondary to physical changes in the podocyte actin cytoskeleton, including disruption and reorganization. Because FSGS has been associated with cytoskeletal rearrangement, we next examined F-actin staining in our podocytes in culture. The results are shown in Fig. 8 . Normal podocytes are characterized by a central group of thick well-defined actin stress fibers. Podocytes lose these stress fibers and form lamellipodia when injured. At baseline, before ADR exposure, p21Ϫ/Ϫ podocytes exhibited fewer stress fibers when compared with p21ϩ/ϩ podocytes (P Ͻ 0.0001). With reconstitution of p21, the reduction in stress fibers was significantly less marked (P Ͻ 0.0001). Upon exposure to ADR, all groups exhibited a reduction in stress fibers to a significant degree (P Ͻ 0.0001) and the differences between groups remained significant, with p21Ϫ/Ϫ podocytes losing more stress fibers than the other groups (P Ͻ 0.0001). These results suggest that podocytes in culture have actin cytoskeletal changes that correlate with what is seen in vivo and that the presence of p21 protects the cell from marked actin reorganization and loss of stress fibers in response to ADR-induced injury.
DISCUSSION
FSGS is now the most common primary glomerular disease leading to ESRD, with the incidence increasing dramatically over the last 20 years (31) . Emerging data support a strong correlation between injury to the glomerular visceral epithelial cell, or podocyte, and progressive kidney disease with consequent development of FSGS (53) . The podocyte, with its highly complex cytoarchitecture that determines its elaborate function as a critical component of the glomerular filtration barrier, is a quiescent, terminally differentiated cell in the mature adult kidney under normal physiological conditions. Thus, the mechanisms that govern podocyte differentiation, and therefore proliferation, are essential to the normal function of this cell.
There is compelling evidence that a decline in podocyte number strongly correlates with, and likely underlies, devel- opment of FSGS in humans and animals (30, 41, 45, 66) . There is an increasing body of literature showing that apoptosis (programmed cell death) of podocytes is a major cause of reduced podocyte number. Previous studies showed increased podocyte apoptosis in TGF-␤ transgenic mice (51), CD2AP null mice (52) , and in rats exposed to puromycin aminonucleoside (16, 30, 50, 58) . Indeed, several other potent stimuli for podocyte apoptosis have recently been described, including angiotensin II (13), mechanical strain (14) , free radical generation (59), cyclosporine A (17) , and the anthracycline antibiotic ADR (11) . In vitro studies showed that during apoptosis, cells typically exit the cell cycle in late G1, although apoptotic cells can exit during any phase of the cell cycle (40) .
Although, traditionally, cell cycle regulatory proteins have been considered to be involved solely in proliferation, there is mounting evidence that specific cell cycle proteins may also play important roles in the regulation of apoptosis (9, 19, 26, 34) . Therefore, we sought to determine what role, if any, a specific cell cycle regulatory protein CDK inhibitor p21 has in the regulation of apoptosis in podocytes.
Several studies have highlighted CDK inhibitor p21 as a potentially important regulator of apoptosis (19) . It is not entirely clear how p21 protects cells against apoptosis, but it has been proposed that either p21-mediated cell cycle arrest causes resistance to apoptosis or that p21 blocks apoptosis directly. However, paradoxically, in some cases, p21 can promote apoptosis (18, 35, 57, 64) . Indeed, the function of p21 can vary substantially, based on its concentration and subcellular localization, the cellular context, and the cytotoxic agent. Therefore, an important question prompting this study was whether p21 was anti-apoptotic or proapoptotic in podocytes in an experimental model of FSGS and its in vitro correlate.
We previously showed that p21 levels are upregulated in podocytes in culture following exposure to ADR (11), a known podocyte toxin in rats and in susceptible murine strains (6, 47, 65, 67, 68) . Because the role of p21 in podocyte apoptosis in the initiation and progression of FSGS was unknown, we utilized ADR to induce experimental FSGS. To validate the in vivo data, we then applied ADR to differentiated and immortalized podocytes in culture. A major finding in this study was that the presence of CDK inhibitor p21 was protective in the setting of ADR-induced podocyte injury, both in vivo and in vitro.
In ADR nephropathy, there was worse disease in the p21Ϫ/Ϫ mice compared with the p21ϩ/ϩ mice by clinicopathologic parameters, including change in weight, plasma BUN, urinary albumin-to-creatinine ratio, and extent of glomerulosclerosis as semiquantitatively assessed by GSI. Worsened disease in the p21Ϫ/Ϫ mice correlated with early apoptosis and later reduction in podocyte number by WT-1 staining, underscoring the previously described relationship between a decline in podocyte num- ber and progression to glomerulosclerosis. Upon ADR exposure of differentiated and immortalized podocytes in culture, at 18, 24, and 48 h, there was significant apoptosis in the p21Ϫ/Ϫ and p21ϩ/ϩ cells when compared with the degree of apoptosis present for their respective negative control and 6-h time point. However, by 48 h following injury induction by ADR exposure, p21Ϫ/Ϫ podocytes exhibited significantly more apoptosis compared with that seen in p21ϩ/ϩ podocytes.
To determine whether reconstitution of p21 would rescue the p21Ϫ/Ϫ podocytes from their increased susceptibility to ADRinduced apoptosis, p21 was transduced into p21Ϫ/Ϫ podocytes via retroviral transfection. By 48 h following injury induction by ADR exposure, p21Ϫ/Ϫ podocytes with reconstituted p21 demonstrated decreased apoptosis compared with p21Ϫ/Ϫ podocytes, with levels approaching those seen in the p21ϩ/ϩ podocytes following ADR exposure. Thus, we demonstrated that reconstituted p21 protected the p21Ϫ/Ϫ podocytes from the increased susceptibility to apoptosis following ADR exposure. The protective effect of p21 also extends to the preservation of the normal pattern of the actin cytoskeleton following ADR-induced injury. In the absence of p21, there was a greater degree of loss of actin stress fibers and more distortion of the podocyte's normal architecture. In summary, we found that the presence of CDK inhibitor p21 is protective in the setting of ADR-induced podocyte injury, both in vitro and in vivo.
ADR has been known to induce DNA damage, thought to be secondary to DNA intercalation, free radical generation, and/or topoisomerase II inhibition (21) . We previously found that DNA damage in podocytes leads to activation of cell cycle checkpoints (38, 48) , molecular pathways that monitor passage through the cell cycle and generate pauses in cell cycle progression when DNA damage is present, permitting the cell sufficient time for DNA repair or other cell fate decisions (36) . These observations support the hypothesis that p21, a downstream effector of p53 in the checkpoint pathway, plays an essential role in arresting the cell cycle in the presence of DNA damage. Others found that following ADR exposure, damaged cells that arrested their cell cycle did not undergo apoptosis. However, abnormal progression of the cell cycle, in the face of ADR-induced DNA damage, led to apoptosis (5) . Therefore, one mechanism whereby p21 is protective may be in its capacity as a cell cycle checkpoint to maintain growth arrest in the setting of genotoxic stress. Indeed, we found that in podocytes lacking p21, there was a significantly increased level of DNA damage following ADR exposure when compared with p21ϩ/ϩ podocytes. The extent of ADR-induced DNA damage was lessened when p21 was reconstituted. Therefore, it appears that without p21, cell cycle arrest cannot be maintained and the accumulation of ADR-induced damaged DNA leads to apoptosis. Taken together, p21 likely plays a critical role in the podocyte's cell cycle arrest in response to ADR-induced DNA damage and in the regulation of DNA damage response effectors.
Another potential mechanism whereby p21 is protective may be in its capacity to interact with proapoptotic molecules such as procaspase-3 (60, 61, 69) and apoptosis signal-regulating kinase-1 (2), inhibiting their activities. Several studies showed that p21 is potentially an important regulator of apoptosis by blocking apoptosis directly. The examination of these pathways has been ongoing in the cancer literature in recent years. Whether p21 may be blocking proapoptotic pathways in podocytes is unknown and will be a focus of future research efforts.
Defining the causal mechanisms of reduced podocyte number is fundamental to developing therapies for proteinuria and FSGS. In this study, we showed that p21 is prosurvival in the podocyte's response to ADR-induced injury and that one potential mechanism for this protective effect is the role of p21 in the DNA damage response, leading to cell cycle arrest in the presence of genotoxic stress. Ongoing studies are further defining the mechanisms of this protective effect as it relates to DNA damage and apoptosis. Fig. 8 . Diminished F-actin staining in p21Ϫ/Ϫ podocytes in culture at baseline and following treatment with ADR. The actin cytoskeleton was labeled with FITC-conjugated phalloidin to assess for actin cytoskeletal changes in podocytes following treatment with ADR. A: at baseline, before ADR exposure, the p21ϩ/ϩ podocytes exhibit a central group of thick and well-defined actin stress fibers (inset shows close-up image; magnification ϫ20). B and C: before exposure, the p21Ϫ/Ϫ podocytes and p21Ϫ/Ϫ podocytes transfected with p21 exhibit decreased actin stress fibers compared with p21ϩ/ϩ podocytes. D: following 48 h of treatment with ADR, there is decreased intensity of the actin stress fiber staining in p21ϩ/ϩ podocytes. E: decrease in actin stress fibers is more marked in the p21Ϫ/Ϫ podocytes following ADR-induced injury. F: in p21Ϫ/Ϫ podocytes reconstituted with p21, there is less attenuation of actin stress fibers with injury. G: quantification of actin score, shown in graphic form. Within each group, upon treatment with ADR, the podocytes significantly lose actin stress fibers (P Ͻ 0.05). Compared with p21ϩ/ϩ podocytes, p21Ϫ/Ϫ podocytes lose significantly more actin stress fibers. This loss is significantly reduced in the p21Ϫ/Ϫ podocytes with reconstituted p21 (P Ͻ 0.05).
